The perception and integration of stress stimuli with that of mitochondrion function are important during periods of perturbed cellular homeostasis. In a continuous effort to delineate these mitochondrial/stress-interacting networks, forward genetic screens using the mitochondrial stress response marker alternative oxidase 1a (AOX1a) provide a useful molecular tool to identify and characterize regulators of mitochondrial stress signaling (referred to as regulators of alternative oxidase 1a [RAOs] components). In this study, we reveal that mutations in genes coding for proteins associated with auxin transport and distribution resulted in a greater induction of AOX1a in terms of magnitude and longevity. Three independent mutants for polarized auxin transport, rao3/big, rao4/pin-formed1, and rao5/multidrug-resistance1/abcb19, as well as the Myb transcription factor rao6/asymmetric leaves1 (that displays altered auxin patterns) were identified and resulted in an acute sensitivity toward mitochondrial dysfunction.
The perception and integration of stress stimuli with that of mitochondrion function are important during periods of perturbed cellular homeostasis. In a continuous effort to delineate these mitochondrial/stress-interacting networks, forward genetic screens using the mitochondrial stress response marker alternative oxidase 1a (AOX1a) provide a useful molecular tool to identify and characterize regulators of mitochondrial stress signaling (referred to as regulators of alternative oxidase 1a [RAOs] components). In this study, we reveal that mutations in genes coding for proteins associated with auxin transport and distribution resulted in a greater induction of AOX1a in terms of magnitude and longevity. Three independent mutants for polarized auxin transport, rao3/big, rao4/pin-formed1, and rao5/multidrug-resistance1/abcb19, as well as the Myb transcription factor rao6/asymmetric leaves1 (that displays altered auxin patterns) were identified and resulted in an acute sensitivity toward mitochondrial dysfunction. Induction of the AOX1a reporter system could be inhibited by the application of auxin analogs or reciprocally potentiated by blocking auxin transport. Promoter activation studies with AOX1a::GUS and DR5::GUS lines further confirmed a clear antagonistic relationship between the spatial distribution of mitochondrial stress and auxin response kinetics, respectively. Genome-wide transcriptome analyses revealed that mitochondrial stress stimuli, such as antimycin A, caused a transient suppression of auxin signaling and conversely, that auxin treatment repressed a part of the response to antimycin A treatment, including AOX1a induction. We conclude that mitochondrial stress signaling and auxin signaling are reciprocally regulated, balancing growth and stress response(s).
Plants integrate various signaling cues, providing specific positional information to modulate energy activities within the cell to meet the structural demands of growth and development. This information relay system occurs on a daily and seasonal basis and is subjected to tissue-level, organ-level, and specieslevel specificity (De Vleesschauwer et al., 2013) , with the anticipated output a result of the overall biochemical balance that drives the molecular components within the cell. Central to the integration of signaling cues are mitochondria (Sweetlove et al., 2007) , subcellular organelles that regulate its protein organization and composition, leading to metabolic adjustments associated with the synthesis of bioenergetic, redox, and secondary signaling molecules. On genetic (Zhang et al., 2012; Gehl et al., 2014) , chemical (Obata et al., 2011; Lehmann et al., 2012; Ng et al., 2013a Ng et al., , 2013b , or environmental stresses (for review, see Millar et al., 2011) , mitochondrial impairment leads to the induction of alternative oxidase (AOX), a component of the mitochondrial respiratory chain. AOX oxidizes ubiquinol directly and reduces oxygen to water, bypassing the two coupling sites of complexes III and IV of the cytochrome electron transport chain, thus reducing the production of an electrochemical gradient used to generate ATP from ADP and inorganic phosphate by the ATP synthase complex. Clearly, the ability to uncouple ATP synthesis from the oxidation of substrates suggests AOX activity to be potentially wasteful; however, regulation of AOX activity by a variety of posttranslational pathways is well documented (Millar et al., 2011) and likely essential to prevent any adverse metabolic activity. It is one of the most intensively studied components of the plant electron transport chain in terms of spatiotemporal expression patterns and its response kinetics on transcript, protein, and activity levels on various stresses and in a range of plants species (Millar et al., 2011) . The ability to modulate AOX induction together with the altered expression of many stress-related genes in plants have led to the concept of mitochondrial signaling (Vanlerberghe, 2013) . Specifically, AOX regulates the amounts of reactive oxygen species (ROS) or reactive nitrogen species, and thus has a large impact on redox regulation at a cellular level on environmental stresses. On a regulatory level, forward and reverse genetic approaches have been used to identify direct activators or repressors of AOX in Arabidopsis (Arabidopsis thaliana), including the transcription factor abscisic acid (ABA)-insensitive4 (ABI4; Giraud et al., 2009) Ng et al., 2013b] ), and a range of WRKY transcription factors (e.g. WRKY40 and WRKY63; Van Aken et al., 2013) binding to specific cis-elements within the AOX1a promoter region. The regulatory transcriptional control exhibited by some of these proteins in the NAC and WRKY families and the distribution of stress-inducible promoter motifs associated with NAC proteins also suggest that a range of members from the same family might cooperatively operate to activate or repress AOX1a (De Clercq et al., 2013; Ng et al., 2013b; Van Aken et al., 2013) . Moreover, the posttranscriptional regulator cyclin-dependent protein kinase E1 (CDKE1; CDKE1/RAO1/HUA Enhancer3 [HEN3]), interacting with the sugar-signaling Sucrose nonfermentation1 (Snf1)-related protein kinase1 (SnRK1) subunit Arabidopsis SNF1 kinase homolog 10 (AKIN10), has also been elucidated (Ng et al., 2013a) , extending the molecular repertoire of proteins modulating AOX1a expression in vivo.
Although the aforementioned studies targeted direct modulators of AOX1a activation, much less is known about the integration of AOX1a expression with smallmolecule signaling pathways (with the exception of ROS/ reactive nitrogen species metabolism). Specifically, the interaction of plant growth-promoting pathways with stress responses remains fragmentary, and whether plant growth is directly affected by mitochondrial signaling (rather than as a consequence of impaired energy metabolism) remains unknown. Also, the chemical nature and anticipated cross talk between growth and stress-related pathways need to be elucidated to tease out the molecular complexity associated with abiotic stress tolerance.
Auxin is an indispensable hormone for growth and development controlling tropism, vascular patterning, and organ formation (Teale et al., 2006) . The response of auxin is primarily achieved through a combination of localized indole-3-acetic acid (IAA) synthesis (or conjugation and degradation; see below) in shoot apical and root meristematic tissues, cotyledons, and young leaves and subsequent nonuniform polarized transport, establishing defined auxin gradients either inhibiting (auxin maxima) or promoting (auxin optima) cell division, expansion, or differentiation (Tanaka et al., 2006; Wisniewska et al., 2006) . Auxin transport is mediated by at least three distinct transport mechanisms: the AUXIN1 (AUX)/LIKE AUX1 (LAX) influx transporters (Péret et al., 2012) , PIN-FORMED (PIN) efflux transporters (Blilou et al., 2005) , and ATP-binding cassette transporters family B (ABCB)/ P-GLYCOPROTEIN (PGP)/MULTIDRUG-RESISTANCE (MDR) proteins required for specific ATP-dependent auxin transport (Wu et al., 2007) . Both ABCB19/PGP19/ MDR1 and PIN-mediated carriers have been shown to play pivotal roles in auxin efflux (Okada et al., 1991; Gälweiler et al., 1998; Noh et al., 2001; Geisler et al., 2005; Blakeslee et al., 2007; Cho et al., 2007) . PIN-mediated efflux is posttranslationally regulated by the activity of PINOID protein kinases (PIDs), which phosphorylate PINs and decrease auxin action (Michniewicz et al., 2007) , and the calcium-responsive PINOID BINDING PROTEIN1 (PBP1), which stimulates the autophosphorylating activity of PID (Benjamins et al., 2003) . In addition, PIN activity is also regulated on a posttranslational level by constitutive vesicular cycling of PIN proteins between the endosomal compartment and the plasma membrane (PM), and both MDR1 (Noh et al., 2001 ) and Attenuated Shade Avoidance1 (ASA1)/BIG, a calossin-like protein, are required for PIN stabilization at the PM (Noh et al., 2001; Paciorek et al., 2005) . Auxin itself inhibits this endocytosis and promotes its own efflux from cells (Paciorek et al., 2005) . Apart from polarized IAA distribution, endogenous auxin levels are rapidly reduced through carbohydrate and methyl ester formation or amido/ peptide-conjugating reactions (Korasick et al., 2013) . In addition, several IAA structural analogs are induced on oxidative stress stimuli (e.g. oxindole 3-acetic acid; Peer et al., 2013) , and indole 3-butyric acid (Tognetti et al., 2010) or basal defense responses activated during biotic stress (e.g. indole 3-carboxylic acid; Gamir et al., 2012) , reducing available IAA levels. Another mechanism to alter auxin homeostasis involves the subcellular distribution of IAA. Shorter PIN5-type (PIN5, PIN6, and PIN8) proteins as well as PIN-LIKE proteins have been shown to affect intracellular IAA levels by accumulation of IAA in the endoplasmic reticulum (ER; Mravec et al., 2009; Barbez et al., 2012; Ding et al., 2012) , whereas the presence of an auxin transporter on the tonoplast membrane (Ranocha et al., 2013) further adds to distinct compartmentalization of IAA within the cellular environment. A range of small signaling molecules, including the phytohormones ethylene, jasmonic acid, and ABA, or ROS itself may modify auxin signaling by altering directional transport of auxin, inducing auxin-conjugating enzymes, or reducing the transcription of auxin-responsive genes (Rymen and Sugimoto, 2012; Tognetti et al., 2012) . However, the specific conditions and tissue types where it occurs and whether the nature of these modifications is sufficiently modulated by the compounds themselves or as a result of auxin-dependent feedback mechanisms remain fragmentary.
In this study, we identified, through forward genetic screening for altered response to mitochondrial stress, four mutants (rao3/big, rao4/pin1, rao5/mdr1/abcb19, and rao6/asymmetric leaves 1 [as1]) with impaired auxin homeostasis. These mutants were further characterized using a range of pharmacological compounds that affect AOX1a expression or auxin signaling, transcriptome analysis under stress with and without additional auxin analogs, and gene promoter constructs for AOX1a and auxin markers. The results show a clear correlation between reduced auxin homeostasis and the induction of AOX1a, leading to enhanced kinetics and longevity of mitochondrial signaling responses. Collectively, these findings suggest that auxin signaling (modulated by auxin efflux mechanisms) acts as global negative regulators of mitochondrial signaling, which provides an eloquent mechanistic framework for fine tuning cell and growth differentiation with the prevailing carbon, energy, and redox status during various abiotic stress stimuli.
RESULTS

Identification of rao3 Lines Exhibiting Enhanced Luciferase Reporter Activity
To identify molecular signaling components necessary to modulate mitochondrial retrograde signaling, a mutagenized Arabidopsis collection containing the firefly luciferase (LUC) reporter system driven by the 2-kb AOX1a promoter region (Ng et al., 2013a ) was used to select for mutant lines with an aberrant expression during chemical inhibition of mitochondrial complex III activity (observed by treating with 50 mM antimycin A [AA] ). From this screen, a putative rao3 line exhibited increased expression of LUC under these conditions with 2.5-fold more abundant LUC protein (as quantified by integrated bioluminescence signal) after 6 h of chemical Figure 1 . Identification of RAO3/BIG as a regulator of AOX1a. A, Bioluminescence images of 14-d-old seedlings of the wild type (Col:LUC; top) and rao3 (bottom) after treatment with AA for 0, 3, 6, 12, 18, and 24 h. Col:LUC plants were generated from Col by transformation with a construct containing the firefly LUC reporter gene driven by the AOX1A promoter (designated Col:LUC). LUC activity was visualized in a NightOwl (Berthold) bioluminescence imager at the indicated time intervals. B, Quantified luminescence of Col:LUC and rao3 seedlings after AA treatment. Data are expressed as means 6 SEs (n = 10), and asterisks indicate significant differences (Student's t test). *, P , 0.05. c.p.s, Counts per second. C, Sanger sequencing of rao3 confirmed a point mutation that caused a stop codon at position 2,529. D, BIG gene model indicating the positions of rao3 EMS mutation and T-DNA insertion of two SALK lines (SALK_145141/big-1 and SALK_045560/big-2). E, Rosette phenotype of Col:LUC, rao3, big-1, big-2, and first filial (F1) generation from a cross between rao3 and big-1 mutants.
stimulation compared with seedlings from the control line Columbia-0 (Col):LUC containing the LUC gene driven by the AOX1a promoter and used for mutagenesis (Fig. 1, A Ng et al., 2013a) . (In this study, the Col:LUC line refers to the AOX1a:LUC construct [see above] in the Col ecotype and is used throughout as the internal control line in all experiments tested.) The rao3 line identified was further able to sustain these maximal levels to the end of the studied period (24 h; Fig. 1, A and B) . In contrast, LUC activity in Col:LUC seedlings gradually decreased after 12 h, displaying a 5-fold lower bioluminescence level than rao3 at 24 h (P , 0.001, Student's t test; Fig. 1, A and B) . Although AOX has been reported to show a diurnal oscillation or light-inducible expression on transcript and protein abundance in a range of plant species (Svensson and Rasmusson, 2001; Dutilleul et al., 2003; Lee et al., 2010) , this response seems to be sugar dependent (Usadel et al., 2008) . Because ample exogenous sugar (3% [w/v] Suc) was used throughout in the experiments, no such fluctuations would be expected and were not observed in a 24-h period (A. Ivanova and J. Whelan, unpublished observations).
RAO3 Encodes the Calossin-Like Protein, ASA1/BIG To identify the mutation responsible for this enhanced LUC activity in the rao3 background, a combination of classical positional mapping and next generation sequencing technology was used. Genome-wide linkage search between the mutation and simple sequence length polymorphisms based on low recombination frequencies mapped rao3 to a 3.8-Mb region on chromosome 3 between Insertion/Deletion markers NGA172 and CER455387 (Supplemental Table S1 ). Next generation Figure 2 . AOX1a transcript and protein abundance is increased in rao3/big mutants. Two-week-old Col:LUC (control), rao3, big-1, and big-2 seedlings were treated with 50 mM AA and harvested at time intervals 0 h (before treatment) and 3, 6, 9, and 18 h (after treatment). A, Transcript abundance of AOX1a (i) and the reference gene Ubiquitin (UBC; ii) before (0 h) or after (3, 6, and 9 h) AA treatment analyzed by QRT-PCR. Data are expressed as means 6 SEs (n = 3), and asterisks indicate significant differences (Student's t test). *, P , 0.05. B, Immunoblot analysis and quantified protein abundances of AOX1a (i) and TOM40-1 (ii; loading control) from isolated mitochondria. Protein extracts (10 mg) were loaded and analyzed in triplicate by immunoblotting with AOX1a and TOM40-1 antiserum. The relative protein abundance, corrected against TOM40-1, is indicated below each blot and expressed as a percentage of the highest value of the set.
sequencing further identified the mutation at locus At3g02260, encoding for a calossin-like BIG protein. BIG consists of 5,098 amino acids (approximately 560 kD) containing three Zinc finger domains (UBR type, ZZ type, and MYND type), one WD40 repeat-like domain, and one E3 Ubiquitin Ligase R4 domain and is required for polar auxin transport (Ruegger et al., 1997; Gil et al., 2001; Kanyuka et al., 2003) . Sanger sequencing confirmed that the single-nucleotide substitution introduced a stop codon at amino acid position 2,529, replacing Gln (Fig. 1C) , upstream of the second Zinc finger domain (Fig. 1D) . To confirm that the rao3 phenotype was the result of a specific mutation in At3g02260, two transfer DNA (T-DNA) insertional mutant lines (SALK_145141, big-1 and SALK_045560, big-2) were obtained (Fig. 1D) . Crossing of the homozygous SALK lines with rao3 resulted in the same compact rosette phenotype in the first filial generation (Fig. 1E) . Responses are shown as significant fold changes relative to mock/untreated samples (P , 0.05, PPDE . 0.95; columns, genes; rows, treatments). Microarray data were retrieved from Ng et al. (2013a Ng et al. ( , 2013b ; GEO accession nos. GSE36011 and GSE41136); A. Ivanova and J. Whelan (unpublished data); and this study. B, Bioluminescence images of Col:LUC (top) and rao3 (bottom) 6 h after AA treatment. Seedlings were grown on B5 media for 12 d and then transferred to new plates containing B5 media or B5 media supplemented with 4.5 mM NAA or 4.5 mM kinetin for an additional 3 d. Plants were treated with 50 mM AA and imaged. C, Quantified bioluminescence of Col:LUC and rao3 seedlings 6 h after AA treatment. Data are expressed as means 6 SEs (n = 10), and asterisks indicate significant differences (Student's t test). *, P , 0.05. c.p.s, Counts per second. D, Fold induction of AOX1a transcript abundance measured by QRT-PCR 3 h after AA treatment and relative to AOX1a transcript abundance of Col:LUC before AA treatment. Data are expressed as means 6 SEs (n = 3), and asterisks indicate significant differences (Student's t test). *, P , 0.05.
RAO3 Alters AOX1a Transcript and Protein Induction
To directly test the effect of rao3/big on AOX1a expression, the endogenous AOX1a transcript abundance was next examined by quantitative reverse transcription (QRT)-PCR in Col:LUC, rao3, big-1, and big-2 mutant lines. Consistent with LUC protein abundance (Fig. 1B) , AOX1a transcript abundance was between 2-fold and 2.5-fold higher in the mutant lines compared with the control after 3 h treated with AA ( Fig. 2A ; P , 0.01, Student's t test). AOX1a transcript levels decreased gradually at 6 and 9 h in all lines; however, AOX1a transcript abundance was still approximately 3-and 7-fold higher, respectively, in the mutants compared with the control line ( Fig. 2A ; P , 0.01, Student's t test).
In fact, at 6 h after exposure, the AA-induced AOX1a transcript abundance of the three mutant lines was as high as the control samples at the time of maximal AOX1a transcript abundance (3 h; Fig. 2A ). UBC transcript abundance was monitored throughout as an internal housekeeping control ( Fig. 2A, ii) .
To confirm that the aberrations in transcriptional regulation of AOX1a were also evident on a protein level, immunoblot analysis was performed in Col:LUC, rao3 (representing the ethyl methanesulfonate [EMS] mutant), and big-1, representing the T-DNA knockout plants (Fig.  2B) . Consistent with the LUC expression and transcript analyses, AOX1a protein abundance was significantly higher in both big alleles after treatment with AA. Notably, AOX1a protein abundance was observed to decrease in Col:LUC between 6 and 18 h after treatment. In contrast, both big mutants displayed increases in protein abundance during this time (Fig. 2B) . To show that they were not changes associated with global protein abundance, Translocase of the outer mitochondrial membrane40 (Tom40) was used as a loading control (Fig. 2B , ii). The consistent rosette phenotypes (Fig. 1E) as well as the AA-induced AOX1a transcript and protein inductions (Fig. 2) collectively indicated that rao3, big-1, and big-2 were allelic mutations within the same gene product.
Auxin Signaling Antagonizes AA Treatment
It has been postulated that BIG modulates polarized auxin distribution either directly by acting as an auxin transporter (Ruegger et al., 1997; Gil et al., 2001) or indirectly by stabilizing PIN efflux transporters at the PM (Paciorek et al., 2005) . To understand whether the involvement of RAO3/BIG during chemical stress stimuli is because of altered auxin homeostasis or through an alternative mechanism, several approaches were undertaken to determine the nature of auxin and AA interactions.
Comparison of transcript abundances of auxin biosynthetic, metabolic, and signaling pathways revealed a conserved response toward chemically inhibiting complex III of the mitochondrial electron transport chain ( Fig. 3A ; Supplemental Table S2 ). Notably, AA treatment did not transcriptionally modulate certain auxin biosynthetic genes, such as YUCCA (flavin monooxygenases; AT4G13260) or aminotransferase (AT1G70560). However, four of five Arabidopsis PIN (PIN1, PIN3, PIN4, and PIN7) genes involved in auxin efflux as well as several auxin influx carriers, including AUX1/LAX permeases, were significantly downregulated by AA application ( Fig. 3A ; Supplemental Table S2 ). Both PID and PBP1, which phosphorylate PIN proteins (Benjamins et al., 2003; Michniewicz et al., 2007) , were also up-regulated in response to AA treatment ( Fig. 3A ; Supplemental Table S2 ). Genes encoding proteins involved in auxin storage as inactive conjugates, such as GRETCHEN HAGEN3.3 (GH3.3) and GH3.4 IAA-amido synthetases, were significantly induced in response to AA treatment ( Fig. 3A ; Supplemental Table  S2 ). This result suggests that an immediate response to AA treatment involves repressing auxin cell-to-cell transport and inactivation of free IAA levels by binding it to amino acids. In addition, auxin receptors, such as the expression of Transport inhibitor response1 (TIR1), are down-regulated (Fig. 3A) . A large number of genes encoding proteins involved in auxin signal transduction, such as auxin response factors (ARFs) and Aux/IAA family proteins, was also affected by AA treatment (Fig. 3A) . The ARF family in Arabidopsis consists of 23 members, and the Aux/IAA family has 29 members (Weijers and Friml, 2009 ). In the absence of auxin, Aux/ IAA family proteins bind with ARFs in many specific Aux/IAA-ARF combinations, thus inhibiting ARFs and preventing the expression of auxin-responsive genes. In response to AA treatment, 14 of 17 differentially expressed ARFs were significantly down-regulated, and 12 of 22 differentially expressed Aux/IAA genes were upregulated ( Fig. 3A ; Supplemental Table S2 ). Therefore, a decrease in the abundance of transcriptional activators and an increase in the abundance of auxin suppressors are additional indications that AA may act to inhibit auxin signaling. Indeed, the transcript abundance of the majority of the auxin-responsive genes (38 of 49) was reduced ( Fig. 3A ; Supplemental Table S2 ), strongly suggesting that auxin signaling was rapidly down-regulated on AA treatment.
The analysis above suggested that auxin signaling was suppressed when AOX1a was induced with AA. To test this response further, transcripts of genes encoding proteins associated with auxin signaling and metabolism were again monitored with and without chemical AA addition in the presence of the synthetic auxin analog 1-naphthaleneacetic acid (NAA). In many cases, pretreatment of plants with NAA prevented the down-regulation of auxin receptors and transporters observed when treated with AA ( Fig. 3A , comparing experiments I, V, and VI; Supplemental Table S2 ). Specifically, the pretreatment with NAA abolished the down-regulation of PIN1, PIN3, PIN4, PIN7, and other auxin efflux proteins, whereas the genes for the posttranslational regulatory proteins PID and PBP1 were significantly up-regulated ( Fig. 3A ; Supplemental Table S2 ). Moreover, pretreating the seedlings with NAA also abolished the downregulation of genes coding for the auxin receptor TIR1 ( Fig. 3A ; Supplemental Table S2 ). As a possible response, the down-regulation of many ARFs was also (1,215 + 603 = sets iii and v) transcripts induced and 1,720 (1,124 + 596 = sets iv and vi) suppressed. The overlap in changes between AA treatment alone and AA treatment pretreated with NAA is 1,215 (set iii) and 1,124 (set iv), respectively. CHO, Carbohydrate. B, The GO categories that are significantly overrepresented or underrepresented (P , 0.01) in sets i, ii, v, and vi are shown. C, Comparison of overlapping transcriptional responses for samples treated with AA without and in the presence of NAA (1,215, set iii; 1,124, set iv). For the up-regulated transcripts, 726 transcripts show no significant difference in induction with and without added NAA, 216 transcripts are significantly more up-regulated, and 274 transcripts are significantly less upregulated. For 1,124 (set iv) transcripts that are down-regulated by AA treatment in the presence or absence of NAA, 623 transcripts show no difference in the degree of down-regulation in abundance, 294 transcripts are significantly less downregulated, and 207 transcripts are significantly more down-regulated. Selected gene identifiers or transcripts encoding for protein families are listed on the right belonging to selected sets (full list is in Supplemental Table S3 ). D, The GO categories that are significantly overrepresented or underrepresented (P , 0.01) in the subsets are shown. DIN, Dark-inducible; SAG, senescence-associated gene; KING1, SNF1-related protein kinase regulatory subunit gamma1; PIF, phytochrome interacting factor; HEN, Hua enhancer; AOX, alternative oxidase.
largely prevented by pretreatment with NAA ( Fig. 3A ; Supplemental Table S2 ).
To directly test whether auxin efflux or signaling alters AOX1a expression, Col:LUC and rao3 seedlings were pretreated with NAA for 3 d and chemically stimulated with AA, and bioluminescence was recorded (Fig. 3B) . As a control, the synthetic cytokinin, kinetin, that controls cell division was also used. When grown on NAA, Col:LUC seedlings were unable to induce LUC activity or protein abundance on AA treatment, and rao3 mutants displayed a significant reduction in LUC activity and amount (Fig. 3 , B and C), which also corresponded with an inability to induce AOX1a expression in control seedlings and reduced transcript abundances of AOX1a in the rao3 background lines (compared with AA stimulation without NAA pretreatment; Fig. 3D ). This finding is in agreement with a previous study showing that the big mutant has normal sensitivity toward auxin (Ruegger et al., 1997) . In contrast, when grown on media containing kinetin, both LUC and AOX1a were induced to a similar extent as AA treatment alone (Fig. 3 , B-D), suggesting that the inhibition of AOX1a expression is not caused by bidirectional cytokinin-auxin cross-talk mechanisms.
To gain a more global overview of gene ontology (GO) changes associated with AA and auxin interactions, genome-wide analyses of Arabidopsis seedlings treated with AA were examined. AA treatment alone caused large changes in transcript abundances, with 2,612 transcripts significantly (P , 0.05, posterior probability of differentially expressed [PPDE] $ 0.95) increased in abundance and 3,582 transcripts significantly reduced in abundance ( Fig. 4A ), similar to findings in previous studies (Ng et al., 2013a (Ng et al., , 2013b . The addition of NAA reduced the effect of AA treatment significantly, with 1,818 transcripts significantly up-regulated, and 1,720 transcripts significantly down-regulated (Fig. 4A ). Of the latter, 603 and 596 transcripts were uniquely up-regulated and down-regulated, respectively (Fig. 4A) . Thus, approximately one-half of the genes were reduced in transcript abundance in the presence of NAA when treated with AA compared with plants that were not pretreated with NAA (Fig. 4A) . Next, the identities of genes overlapping in abundance in the presence of AA irrespective of the presence of NAA and unique transcript response (only displayed changes with AA treatment in the presence or absence of NAA) were examined to gain insight into the effect of auxin on AA-induced changes in transcript abundance (Fig. 4, B-D) . For these genes that displayed unique transcriptional signatures on chemical stress stimuli (Supplemental Table S3 ), GO overrepresentation analyses suggested that, as anticipated, mitochondria and nuclear cellular components were significantly overrepresented (adjusted P , 0.01) for transcripts up-regulated during mitochondrial stress response and underrepresented for transcripts downregulated when treated with AA (Fig. 4B) . Pretreatment with NAA, however, shifted this categorical ratio toward an overrepresentation of the ER and extracellular components for transcripts that were significantly induced on AA stimulation, whereas genes associated with the cell wall, cytosol, ER, extracellular, and Golgi components were also overrepresented in transcripts that are significant reduced when grown in the presence of NAA (Fig. 4B) .
For the overlapping transcripts, of 1,215 genes (set iii) that were significantly up-regulated in abundance in both the presence and absence of NAA, three subsets could be further defined: 726 genes that displayed the same degree of induction with or without NAA pretreatment, 215 genes that were significantly more up-regulated in the presence of NAA, and 274 genes that were significantly less up-regulated in the presence of NAA ( Fig. 4C ; Supplemental Table S3 , E-G). In the subset of genes that were significantly less up-regulated in the presence of NAA was AOX1a (AT3G23370; Fig. 4C ; Supplemental Table S3E ), consistent with the observed reduction in LUC activity and AOX1a expression (Fig. 3, B-D) . Examination of additional genes in this set revealed 14 heat shock proteins (AT5G12030, AT2G29500, AT3G46230, AT1G59860/AT1G07400, AT5G52640, AT1G74310, AT5G51440, AT4G25200, AT2G35720, AT3G14200, AT4G18880, AT4G37910, AT1G74250, and AT5G03030), including 4 DNAJ-type proteins, which are required for protein folding and known to increase in abundance under stress ( Fig. 4C ; Supplemental Table S3E ). Notably, 10 transcription factors were also present in this group, including WRKY15, which has been previously reported to be required for the mitochondrial stress response and directing osmotic stress tolerance in Arabidopsis (Vanderauwera et al., 2012) . Other transcription factors included here also respond to ROS and light perturbations.
In the subset of genes that displayed the same degree of induction (Fig. 4C , iii, set 726; Supplemental Table  S3G ), irrespective of NAA pretreatment, a striking observation was the transcript abundances of confirmed direct regulators of AOX1a, namely CDKE1/RAO1/HEN3 (AT5G63610), ANAC13 (AT1G32870), and WRKY40 (AT1G80840). In addition, transcripts associated with the subcellular redistribution of transcription factors from the ER membrane by proteolytic cleavage to induce abiotic stress responses, namely rhomboid family members (AT3G17611 and AT1G12750) and inositol-requiring enzyme 1A (IRE1A; AT2G17520), were not altered by NAA pretreatment. Similarly, genes encoding alternative isoforms of AOX1 (AOX1b/AT3G22360 and AOX1d/ AT1G32350) were also included in this set.
The 215 genes that showed significantly enhanced induction on AA treatment in the presence of NAA (Supplemental Table S3F ) were involved in conjugating auxin levels directly (e.g. GH3.3/AT2G23170) or regulating PIN efflux activity (PBP1/AT5G54490) and PID protein kinase (AT2G34650). This subset also showed a significant overrepresentation of gene products targeted to nuclei (in contrast to mitochondrialnuclear cross talk or ER-associated processes observed previously; see above; Fig. 4D ) and is associated with an overrepresentation of transcription factor activity (Fig. 4D) , suggesting that the up-regulation of this set of genes primarily involves a transcriptional reconfiguration.
AA inhibits not only mitochondrial electron transport but also, cyclic electron transport in chloroplasts (Leister and Shikanai, 2013) , affecting energy production associated with autotrophic carbon assimilation and metabolism. In the group of genes that were down-regulated by AA treatment but even more down-regulated in the presence of NAA (Fig. 4C , iv, set 207 down-regulated; Supplemental Table S3H ), both Genomes Uncoupled4 (GUN4) and GUN5 transcript abundances, which promote chlorophyll synthesis and chloroplast development, together with many other genes associated with light harvesting complexes and photosystems I and II were significantly down-regulated. In fact, in this list of 207 down-regulated genes, the chloroplast functions were significantly overrepresented (Fig. 4D) . NAA pretreatment with AA led to an increase in genes coding for senescence-associated protein 18, senescence-associated protein 20, DARK INDUCIBLE 10 (AT5G20250), stress signaling, components, SnRK2.3 (AT5G66880), and SNF1-RELATED PROTEIN KINASE REGULATORY SUBUNIT-g 1 (AT3G48530) or transcription factors, such as bZIP1 (AT5G49450), ANAC016 (AT1G34180), PIF3 (AT1G09530), and WRKY71 (AT1G29860) involved in light regulatory processes (Fig. 4A, v) . Moreover, several genes highly induced on carbon or nutrient starvation (Müller et al., 2007; Usadel et al., 2008) were further up-regulated during NAA pretreatment (Fig. 4C , iii, set 215), including Divergent C1 domain-containing transcript (AT5G43520), DARK IN-DUCIBLE 2/AT3G60140, ALCOHOL DEHYDROGE-NASE (AT1G77120), and SPX domain-containing proteins Figure 5 . Effect of auxin and auxin transport inhibitor on AA-induced AOX1a transcript abundance in cdke1/rao1 mutant backgrounds. Col:LUC, GABI564F11 (T-DNA KO for cdke1), and rao1-1 (EMS mutant for cdke1; Ng et al., 2013a) plants were grown on B5 media for 12 d and then transferred to new plates containing B5 media or B5 media supplemented with 50 mM NPA or 4.5 mM NAA for another 3 d. A, AOX1a transcript abundance measured by QRT-PCR before (2AA) and 3 h after (+AA) AA treatment. B, Luminescence images of Col:LUC (top) and rao1-1 (bottom) 6 h after AA treatment. (C) Quantified luminescence of Col:LUC and rao1-1 seedlings 6 h after AA treatment. c.p.s, Counts per second. *, Significant differences (Student's t test, P , 0.05) between samples treated with AA and samples treated with NPA before treatment with AA. #, Difference in samples treated with AA and samples treated with NAA before treatment with AA. KO, Transfer DNA insertional knock-out line.
(AT5G20150 and AT2G26660), suggesting that either carbon partitioning and/or the sensing of available resources for growth and development are significantly compromised on NAA pretreatment.
RAO1 and Mitochondrial Stress-Responsive Gene Expression Are Antagonized by Perturbed Auxin Metabolism
Because the response to carbohydrates seemed to be significantly affected during NAA pretreatment and the posttranscriptional regulator of AOX1a, namely CDKE1/ RAO1, displays a genome-uncoupled phenotype during plastid retrograde signaling in response to redox changes in photosynthetic electron transport (Blanco et al., 2014) as well as interacts with the sugar-responsive SnRK1 protein subunit, AKIN10 (Ng et al., 2013a) , the response of altered auxin metabolism was examined next in the rao1/cdke mutant background. The effects of the auxin transport inhibitor 1-N-naphthyl-phthalamic acid (NPA) and an auxin analog, NAA, were tested on the induction of AOX1a in the cdke1 mutant backgrounds (Fig. 5) . Induction of AOX1a by treatment with AA alone in cdke1, a T-DNA insertional line (cdke1 knock-out), and rao1-1, an EMS mutant line in the Col:LUC background (Ng et al., 2013a) , was compromised when grown on B5 media (Fig.  5A ) as previously observed (Ng et al., 2013a) . Treatment with NPA, however, led to a significant increase in AOX1a transcript abundance in all lines (same degree of induction; Fig. 5A ), with the increase in AOX1a transcript abundance in the mutant lines almost reaching that of the control with AA treatment alone. Treatment with NAA significantly reduced the increase in AOX1a transcript abundance in the Col:LUC line but was unable to further reduce the compromised basal expression level of AOX1a in the cdke mutant backgrounds compared with the AA treatment alone (Fig. 5A) . Measurement of bioluminescence under similar testing conditions revealed that treatment with NPA could relieve some repression in the rao1-1:LUC background but to a smaller extent compared with the measured transcript abundance (Fig. 5, B and C) . This finding is consistent with the role of CDKE1 as a posttranscriptional regulator of AOX1a (Ng at al., 2013a) .
To also observe the effect of auxin on a set of genes encoding mitochondrial proteins that has been previously defined as being responsive to a variety of stresses , the transcript abundance of the core set of mitochondrial stress-responsive genes in response to treatment with AA was assessed in the presence and absence of NAA (Supplemental Table S4 ). Transcript abundances of all but three genes that responded to AA decreased in the magnitude of fold change observed when samples were pretreated with NAA (Supplemental Table S4 ). The exception was the transcript abundances of putative trehalose phosphatase/ synthase 11 (AtTPS11/AT2G18700), a protease inhibitor (AT1G73260), and a gene encoding a protein of unknown function (AT5G09570), where treatment with AA in the presence of NAA leads to a greater induction than observed with AA alone. It was notable that one of these genes was annotated as a trehalose phosphatase/ synthase (AT2G18700), which has been reported to be involved in biotic stress defense and also reallocation of carbon from Suc to starch (Singh et al., 2011) .
To determine if the inhibitory effect of auxin was restricted to AA or included other stress stimuli, we examined the effect of NAA on the stress response to various chemical inhibitors or stress elicitors. Measuring bioluminescence of Col:LUC and rao3/big, plants pretreated with NAA were sprayed with myxothiazol and monofluoroacetate (MFA), inhibiting the mitochondrial cytochrome bc 1 complex and aconitase activity in the tricarboxylic acid cycle, respectively. Additionally, more Fig. S1 shows full details). A, Sixty-six 2-week-old seedlings from a segregating RAO4/PIN1 line (left) were sprayed with AA, and LUC overexpression was monitored (circled). Plants segregated in an approximately 3:1 ratio for the LUC-overexpressing phenotype. Mature vegetative plants recovered from rao4 LUC overexpression lines, showing the distinct pin1 phenotype compared with Col (wild type [WT]; right). B, Bioluminescence images of 14-d-old seedlings from Col:LUC, rao3/big, rao5/abcb19/mdr1, and rao6/as1 lines after 6 h of AA treatment. C, Fourteen-day-old seedlings from Col:LUC, rao3/big, rao4/pin1, rao5/abcb19/mdr1, and rao6/as1 lines before and 3 h after AA treatment. i, AOX1a transcript abundance measured by QRT-PCR. Data are expressed as means 6 SEs (n = 3). ii, Endogenous free IAA levels from whole seedlings measured by GCT-mass spectrometry technology. Data are expressed as means 6 SEs (n = 3). FW, Fresh weight. D, Histochemical staining of 14-d-old seedlings expressing the DR5:GUS promoter in Col (left), rao3 (center), and rao6 (right) background lines before (top) and after (bottom) AA treatment. E, Twelve-day-old plants from Col:LUC, rao3/big, rao5/abcb19/mdr1, and rao6/as1 grown on B5 media were transferred to new plates with B5 media or B5 media supplemented with 4.5 mM NAA (B5 + NAA) for another 3 d and stained for ROS. i, 3,39-Diaminobenzidine (H 2 O 2 ) staining before (2AA) and 3 h after (+AA) AA treatment. ii, Nitroblue tetrazolium (O 2 c2 ) staining before (2AA) and 3 h after (+AA) AA treatment.
general cellular stresses, such as hydrogen peroxide (H 2 O 2 ), UV light, 4°C cold, ABA, and salicylic acid (SA), were also compared ( Fig. 6; Supplemental Fig. S2 ). Interestingly, addition of synthetic auxin inhibited the AOX1a response to all treatments, except MFA and SA in Col:LUC plants and MFA, SA, and ABA in rao3/big mutant ( Fig. 6; Supplemental Fig. S2 ). These results indicate that auxin signaling is reciprocally regulated with not only the response to AA but also, a diverse range of signaling pathways.
Enhanced AOX1a Induction Is Observed on Genetic Defects in Various Other Polarized Auxin Efflux Mechanisms
Although auxin has distinct alterations in the induction of AOX1a and subsequent generation of mitochondrial stress responses, we examined next whether it was specific to BIG activity. For this purpose, the saturated EMS mutagenized Col:LUC population was screened for additional lines with enhanced promoter:LUC activity. In our collection of rao mutants in the Col:LUC background, a nucleotide substitution (G to A) in the rao4 mutant caused an amino acid substitution (Gly to Arg) at position 276 in AT1G73590, encoding for the PIN1 efflux carrier (Supplemental Fig. S1A ). Sixty-six 2-week-old segregating progeny of these heterozygous mutant alleles encoding PIN1 were sprayed with AA and screened for the LUC overexpression phenotype (Fig. 7A, left) . Fifteen plants (approximately one-quarter) that exhibited the overexpression phenotypes were transferred to soil and grown to maturity. All plants showed the typical phenotype for pin1 mutants, namely naked, pin-shaped inflorescences ( Fig. 7A, right ; Okada et al., 1991) , which indicated that homozygous rao4/pin1 mutants were responsible for the AA-induced LUC-overexpressing phenotype. Another rao mutant (rao5) was also identified where a C to T alteration resulted in a Ser to Asn substitution at position 198 in the loci, At3g28860, encoding the auxin efflux transporter ABCB19/MDR1/PGP1 (Supplemental Fig. S1B ). Similarly, homozygous rao5/ abcb19/mdr1 seedlings displayed an LUC-overexpressing phenotype in response to AA treatment compared with Col:LUC (Fig. 7B ). An AOX1a-overexpressing phenotype was confirmed in homozygous rao4 and rao5 plants using QRT-PCR to measure AOX1a transcript abundance before and after AA treatment (Fig. 7C, i) . A fourth LUCoverexpressing mutant, rao6 (Fig. 7B, rao6/as1) , where a mutation was identified by mapping it to the gene AS1 (At2g37630), a nucleotide substitution of G to A resulted in replacement of Trp at position 96 with a stop codon (Supplemental Fig. S1C ). The LUC-overexpressing and AOX1a-overexpressing phenotypes of rao6 were very similar to those observed in rao3 in terms of both magnitude and longevity (Fig. 7, B and C, i; Supplemental Fig. S3 ). AS1 encodes an MYB transcription factor that promotes leaf fate (Byrne et al., 2000) and is required to establish a normal pattern of auxin gradient formation and PIN1 expression in leaves (Hay et al., 2006 ).
To gain additional insight into the biochemical state of these mutants, the endogenous IAA levels were measured in Col:LUC and rao3, rao4, rao5, and rao6 mutants before and 3 h after AA treatment. Consistent with our transcriptomic results, AA treatment caused a 2-fold reduction (P , 0.05, Student's t test) in free IAA levels in the Col:LUC control lines (Fig. 7C, ii) , whereas rao3, rao4, rao5, and rao6 mutants had significantly reduced IAA levels compared with the control before the AA treatment (Fig. 7C, ii) ; pin1 floral stems, buds, and inflorescence stems have been previously reported to contain only approximately 7% free IAA levels to wild-type levels (Okada et al., 1991; Jones et al., 2005) . Similarly, mdr1 mutants have been characterized by decreased IAA levels after cotyledon excision (Christie et al., 2011) or in lower shoots and roots. Additionally, on AA treatment, none of these rao mutants were able to significantly decrease endogenous IAA levels (Fig. 7C, ii) . Auxin signaling pathways include local cellular feedback on auxin levels through either the regulation of gene expression (TIR1 related; Calderon-Villalobos et al., 2010) or effects that do not involve directly transcription or translation (mediated by ER-localized AUXIN-BINDING-PROTEIN1; Badescu and Napier, 2006; Shi and Yang, 2011) , which may explain the auxin deficiency in mutants with perturbed auxin transport and distribution.
To study in more detail, we crossed rao3/big and rao6/ as1 with the synthetic auxin-responsive element DR5 (Ulmasov et al., 1997) , driving the GUS reporter gene. Both mutants had significantly lower GUS staining patterns before and after AA treatment (Fig. 7D) , confirming the decrease in auxin responsiveness on AA treatment.
ROS Accumulation Alone Does Not Explain the Perturbed Response of Auxin-Deficient Mutants toward Mitochondrial Dysfunction
Because an antagonistic relationship exists between auxin and ROS (Kovtun et al., 2000) and the AOX1a promoter responds to enhanced ROS levels, we evaluated the ability of rao3, rao5, and rao6 mutants to accumulate these signaling molecules in response to AA with and without pretreatment with NAA (Fig. 7E) . 3,39-Diaminobenzidine and nitroblue tetrazolium staining for visualization of H 2 O 2 and superoxide radicals (O 2 c2 ), respectively, revealed that treatment with AA alone resulted in a slight increase in intensity staining in the Col:LUC apical meristematic regions for H 2 O 2 and rosette leaf for O 2 c2 visualization (Fig. 7E) . Previously, it has been shown that AA does increase mitochondrial ROS production (Maxwell et al., 1999; Cvetkovska et al., 2014) . The relatively modest increase in staining intensity observed here may be limited because of the small volume that mitochondria (approximately 1%-2%) occupy in leaf cells (Winter et al., 1994) . However, pretreatment with NAA resulted in a slight increase in the detection of H 2 O 2 (compared with AA alone), with AA treatment grown on NAA supplemented B5 media, resulting in a brownish yellow discoloration in the rosette leafs (Fig. 7E , Figure 8 . Effect of auxin and inhibitors of auxin transport on AA-induced AOX1a expression. Plants were grown on B5 media for 12 d and then transferred to new plates containing B5 media or B5 media supplemented with 4.5 mM NAA, 10 nM 2,4-D, 140 mM ACC, 50 mM BFA, or 50 mM NPA for another 3 d. A, AOX1a:GUS reporter lines treated with AA. i, Histochemical staining before (top) and 6 h after (bottom) spraying with AA solution. ii, GUS-specific activity quantified from whole seedlings by Col:LUC). In contrast, for H 2 O 2 production, pretreatment of NAA led to a significant reduction in discoloration on AA (compared with AA alone) in the Col:LUC line (Fig.  7E , ii). Significantly increased H 2 O 2 was detected after AA treatment in rao3/big rosette leafs, and this staining intensity was partially suppressed by NAA pretreatment (Fig. 7E, i, rao3/big) . This remarkable increase on NAA pretreatment was not evident in the rao5/abcb19 and rao6/ as1 mutant lines, although both these mutants seemed to have slightly elevated levels of H 2 O 2 in the absence of NAA on AA treatment (Fig. 7E, i) . In the case of the superoxide radical, it was apparent that the rao3/big mutant had elevated levels of O 2 c2 even before treatment with AA (Fig. 7E , ii, rao3/big). Although rao5/abcb19 was similar to rao3/big in terms of O 2 c2 staining, rao6/as1 differed in that treatment with NAA caused an increase in O 2 c2 detection. In fact, for rao6/as1, it seems that, from the H 2 O 2 and O 2 c2 staining patterns, a reciprocal switch in the nature of ROS detected was apparent on NAA treatment. Mutant background lines of rao6/as1 seemed to have higher levels of H 2 O 2 and lower levels of O 2 c2 than when pretreated with NAA.
Pretreatment with NAA also resulted in a decrease of H 2 O 2 levels in both the presence and absence of AA in all mutants compared with the respective treatment controls. Reciprocally, NAA pretreatment led to an increase in O 2 c2 accumulation only in the rao6/as1 mutant background line. Thus, it seems that the different rao mutants have altered levels of ROS and altered responses toward auxin-ROS steady-state perturbations that alone do not account for the induction of AOX1a. Also, pretreatment with the auxin analog and chemical stimulation of the mitochondrial stress response with AA that leads to the enhanced induction of AOX1a in these backgrounds do not perturbed ROS accumulation only when grown on chemical stress (when AOX1a is induced), suggesting that total ROS at a tissue level in itself is not the primary driving force for this response.
AOX1a Induction Is Reciprocally Regulated by Auxin Signaling
To scrutinize the correlation between auxin signaling and the mitochondrial stress response, structural synthetic analogs or compounds that antagonize auxin distribution and signaling were also tested (Fig. 8) . The effect of these various compounds was monitored using GUS promoter constructs together with measurements of endogenous AOX1a transcript abundance and free IAA levels. Two different GUS reporter gene lines were used: AOX1a:GUS containing the GUS gene under the control of AOX1a promoter (Giraud et al., 2008 ) and the DR5: GUS line containing the GUS gene under the control of the synthetic auxin-responsive element DR5 (Ulmasov et al., 1997) . Before mitochondrial stress treatment (AA), plants were grown for 3 d on media containing synthetic auxins NAA or 2,4-dichlorophenoxyacetic acid (2,4-D) that differ in their mechanisms of entering the plant cell: NAA predominantly by diffusion and 2,4-D by active ATP-dependent transport (Delbarre at al., 1996) . Furthermore, the ethylene precursor 1-aminocyclopropane-1-carboxylic acid (ACC) interacting either synergistically to auxin biosynthesis and action during root elongation and root hair formation (Brown, 1997; Stepanova et al., 2007) or antagonistically in inhibiting polar auxin transport (PAT) during lateral root development and hypocotyl elongation (Morgan and Gausman, 1966; R uzicka et al., 2007; Muday et al., 2012) as well as the commonly used inhibitors of PAT, Brefeldin A (BFA), and NPA were selected.
In the absence of AA, GUS activity in AOX1a:GUS plants was not affected by the pretreatments (Fig. 8A, i , top and ii, 2AA), showing that alteration in auxin homeostasis is not a mitochondrial stress in itself. However, changes in auxin homeostasis greatly affected the ability to respond to mitochondrial stress stimuli (Fig. 8A , i, bottom; ii, +AA; and iii, +AA). Pretreatment with the auxin analogs, NAA and 2,4-D, caused significant reduction in GUS activity (P , 0.005, Student's t test) and endogenous AOX1a transcript abundance (P , 0.0005, Student's t test) compared with treatment with AA alone. Pretreatment with the ethylene precursor ACC or inhibitors of PAT, BFA, and NPA resulted in overexpression of AOX1a:GUS (P , 0.05, Student's t test; with the exception of ACC) and AOX1a transcript induction (P , 0.0005, Student's t test) compared with treatment with AA alone.
In contrast, the DR5:GUS line showed the opposite pattern of response during each treatment (Fig. 8B ) compared with the AOX1a:GUS line (Fig. 8A) . AA treatment alone caused significant reduction of GUS activity (P , 0.0005, Student's t test) in seedlings grown on B5 media (Fig. 8B, i and ii, B5 6 AA) as well as free IAA levels (Fig. 8B, iii) , consistent with a reduction in auxin activity in response to AA (Fig. 3) . Treatment with exogenous auxins, NAA and 2,4-D, Figure 8 . (Continued.) fluorimetric assay. iii, AOX1a transcript measured by QRT-PCR. B, The synthetic auxin-responsive reporter system, DR5:GUS, treated with AA. i, Histochemical staining before (top) and 6 h after (bottom) spraying with AA solution. ii, GUS-specific activity quantified from whole seedlings by fluorimetric assay. iii, Endogenous free IAA levels from whole seedlings measured by GCTmass spectrometry technology. C, Fourteen-day-old DR5:GUS plants grown on B5 media after AA treatment. i, Histochemical staining before (0 h) and 6, 12, and 20 h after AA treatment. ii, Endogenous IAA levels measured from whole seedlings by GCT-MS before (0 h) and 1, 3, 5, 7, and 18 h after AA treatment. Data are expressed as means 6 SEs (n = 3), and asterisks indicate significant differences compared with the respective treatment control (B5 media 6 AA; A, ii + iii and B, ii), a pairwise comparison within the AA treatment (B, iii), or compared with the first time point (0 h) after AA treatment (C, ii; Student's t test). *, P # 0.05 . 0.005. **, P , 0.005. FW, Fresh weight.
did not change the endogenous IAA levels but led to a significant increase in GUS activity irrespective of exogenous AA treatment (P , 0.0005, Student's t test; Fig. 8B ), confirming the responsiveness of DR5:GUS to auxin application. In contrast, GUS activity was significantly reduced in plants pretreated with ACC, BFA, and NPA (P , 0.0005, Student's t test) in both those treated and not treated with AA (Fig. 8B, i and  ii) . Correspondingly, ACC, BFA, and NPA pretreatment led to a reduction in free IAA levels, consistent with feedback regulation of auxin biosynthesis on inhibiting PAT.
A time course experiment also revealed that the initial drop of GUS activity in the DR5:GUS line on AA treatment (after 6 h) was followed by a significant increase (at 12 h) before the auxin activity returned to normal after 20 h (Fig. 7C, i) . A similar pattern was detected after direct measurement of free IAA levels (Fig. 7C, ii) , suggesting that auxin dynamics are transiently regulated during the reestablishment of basal responses after the alleviation of stress perturbations.
A final experimental approach investigated the effect of impaired auxin homeostasis on an activator of AOX1a expression, namely RAO2/ANAC017 (Ng et al., 2013b) ; rao2/anac017 mutant is unable to induce AOX1a:LUC on AA treatment and exhibits significant sensitivity to drought (Ng et al., 2013b) . Double mutants rao23rao3 and rao23rao6 indicated that the LUC overexpression phenotype, observed in rao3 and rao4 backgrounds that are also impaired in auxin metabolism, could not rescue the phenotype of rao2 (Supplemental Fig. S4 ). Moreover, both rao3/big and rao6/as1 mutants conferred enhanced drought tolerance when 28-d-old plants were grown without watering for 11 d (Supplemental Fig. S5A ). Interestingly, double mutants rao23rao3 and rao23rao6 rescued the drought-sensitive phenotype of rao2 and significantly increased plant resistance to severe drought stress that exceeds not only that observed in the wild type but improved the viability of single mutants rao3/big and rao6/as1 alone (Supplemental Fig. S5A ). Monitoring of AOX1a transcript abundance during moderate drought treatment (5 d after water withdrawal; Supplemental Fig. S5B ) indicated that an inability to induce AOX1a (rao2/anac017) did lead to increased drought sensitivity (Supplemental Fig. S5A ), whereas overexpression of AOX1a transcript (rao3/big and rao6/as1) is associated with drought tolerance. However, the double mutants rao2/ anac0173rao3/big and rao2/anac0173rao6/as1 displayed as much or more increased viability to drought treatment (Supplemental Fig. S5A ), and it was not associated with AOX1a overexpression (Supplemental Fig. S5B ). Thus, alteration of auxin signaling can rescue the increased sensitivity of the rao2/anac017 mutant that is not linked to the induction of AOX1a transcript abundance.
DISCUSSION
Plants growing under favorable conditions have relatively low amounts of AOX, but AOX is induced at transcript and protein levels in response to a variety of stresses (Millar et al., 2011; Vanlerberghe, 2013) . Some regulators of AOX1a expression, such as ABI4, NAC, and WRKY transcription factors that control AOX1a induction, have been elucidated in Arabidopsis De Clercq et al., 2013; Ng et al., 2013a Ng et al., , 2013b Van Aken et al., 2013) . However, it is unclear how AOX transcript and protein levels return to basal levels after stress alleviation. In this study, it was concluded that the signaling pathways that lead to the induction of AOX1a and auxin signaling are reciprocally regulated. This conclusion was based on results using a variety of mutants with altered auxin transport or distribution, a range of pharmacological compounds that potentiate or inhibit auxin signaling, and genomewide analyses of the effect of auxin on the response to AA treatment with measurements of AOX1a expression, IAA levels, and auxin activity.
On AA treatment, auxin responses decreased significantly (Fig. 8, B and C), possibly by a block of auxin transport and GH3-mediated conjugation of IAA (Fig. 3A) allowing for AOX1a transcript and protein induction (Fig. 2) . Between 5 and 12 h after stress stimulation, in control plants, a sharp increase in auxin levels and signaling occurs (Fig. 8C) , correlating with a reduction of the amount of AOX1a at transcript and protein levels (Fig. 2) . It is not known if this sharp increase of auxin actively causes degradation of AOX1a transcript and protein stability or if the negative action of auxin on AOX1a expression may act indirectly through a variety of components that regulate AOX1a expression (see below). In auxin-deficient mutants with altered auxin signaling, AOX1a transcript as well as AOX1a promoter-driven LUC activity are significantly increased when treated with AA (Figs. 1A, 2A, and 7; Supplemental Fig. S3 ), and rao3 mutants lead to a greater induction in AOX1a protein abundance (Fig. 2B) . The BIG gene encodes a protein that contains an E3 Ubiquitin Ligase R4 domain targeting proteins for degradation, and although it cannot be ruled out that a mutation in that gene could be responsible for AOX1a and LUC protein longevity, the same overexpressing phenotype is observed with other mutants that were affected in auxin efflux (pin1 and abcb19; Fig. 7, A and B) and the as1 mutant background, where BIG function was not compromised (Supplemental Fig. S3 ). This finding indicates that altered auxin homeostasis is responsible for the increased abundance of AOX1a and LUC. It should be noted that, under normal or unstimulated conditions, the levels of AOX1a transcript and protein are not elevated in the various auxin mutants identified. The increased amount of AOX1a is only observed after stress stimulation, which may be because of the fact that the expression of AOX1a is under strong repression in Arabidopsis in part mediated by the transcription factor ABI4 ). Thus, although auxin signaling plays a role in the longevity of AOX1a induction after stimulation, low auxin per se is not sufficient to induce expression of AOX1a. Also, it is notable that, although the level of ROS (especially O 2 c2 ), was higher in the impaired auxin mutants (Fig.  7E) , it alone did not account for the induction of AOX1a. This result suggests that, although AOX1a may be responsive to a wide variety of stimuli, there is still specificity in the signaling cascade that mediates AOX1a induction and longevity. This specificity may be controlled by the positive regulator of AOX1a, ANAC017, that resides in the ER and may be closely positioned to mitochondria by colocation of both mitochondria and ER on actin filaments (Ng et al., 2013b) .
The positive and negative regulation of AOX1a by altered auxin homeostasis (Fig. 9 ) results in plants being able to respond rapidly to a variety of adverse environmental changes but also, maximize growth and development under favorable conditions, like AOX1a, and genes regulated in a similar manner will be repressed. It is well established that one of the most noticeable effects of stress is a reduction or cessation of growth (Tognetti et al., 2010) . The direct role of AOX activity on growth is unclear. Although decreasing the amount of AOX in soybean (Glycine max) has been reported to have negative effects on growth (Chai et al., 2012) , in Arabidopsis, no growth defects were observed under standard growth conditions (Fiorani et al., 2005) . Apart from a direct impact on growth, AOX plays an important role in determining redox balance as a nonphosphorylating pathway that reduces the production of ROS (Millar et al., 2011) . It has been proposed that, under stress conditions, auxin signaling promotes the production of ROS that causes tissue damage (Iglesias et al., 2010; Kazan, 2013) . The interaction of ROS and auxin signaling results in stress-induced morphogenic responses that altersplant growth to maximize survival (Tognetti et al., 2010) .
There are several features of this regulatory loop that integrate Arabidopsis AOX1a into a variety of growthand stress-sensing pathways in plants. First, at a transcript level at least, it is not auxin synthesis that is altered but rather, transport and conjugation (Fig. 3A) . The three PM-localized proteins with mutants that are analyzed in this study (big, mdr1/abcb19, and pin1) are all involved in auxin transport and synthesized in the ER, and the former two are directly involved in PM stabilization of PIN1 protein (Noh et al., 2001; Paciorek et al., 2005) . Previously, we have identified the ANAC017 transcription factor as a positive regulator of AOX1a (Ng et al., 2013b) . ANAC017 is located in the ER and released on induction of AOX1a with AA and other stress stimuli. Three distinct ERmediated stress pathways exist in all eukaryotes studied to date. In plants, they consist of (1) the S1P and S2P protease system to release the bZIP17 and bZIP28 transcription factors (Iwata and Koizumi, 2012) , (2) the IRE system that catalyzes the alternative splicing of bZIP60 under stress (Iwata and Koizumi, 2012) , and (3) the rhomboid protease cleavage of ANAC017 (Ng et al., 2013b) . The ER acts as an integration point for these stresses; notably, if either the S1P/S2P or IRE system is inactivated, it leads to a greater induction of AOX1a under AA stimulation (Ng et al., 2013b) . It has also been shown that auxin and the IRE pathway are interregulated; ER stress inhibits the ER and PM localization of PINs and represses TIR1/AFB auxin perception, leading to the activation of the unfolded protein response (Chen et al., 2014) . In this study, both IRE1A and its splicing target, bZIP60, are induced on AA treatment, independent of NAA pretreatment, suggesting that the alleviation of mitochondrial stress signaling response on auxin is independently regulated from unfolded protein responseauxin interactions. Although our understanding of the direct physical connection between mitochondria and ER membranes (ER-mitochondria encounter structure; Kornmann and Walter, 2010) is only starting to emerge in plants, the routing of mitochondrial retrograde signaling through the ER and linking to auxin signaling would provide an elegant mechanism to ensure coordination with plant growth and physiology.
Second, the induction of AOX1a in response to a variety of stress treatments could be prevented by the pretreatment with auxin analogs (Fig. 6) , suggesting that auxin mediates not only mitochondrial stress response but also, the response to more general cellular stresses, such as H 2 O 2 , UV, light, and cold. It has been previously reported that H 2 O 2 can block the action of auxin, because treatment with H 2 O 2 or overexpression of Arabidopsis NPK1-like protein kinase blocks the induction of auxinresponsive promoters (Kovtun et al., 2000) . Furthermore, it has been shown that production of ROS from mitochondria results in a suppression of auxin signaling, which was evidenced by a reduction in auxin-responsive promoter activity (He et al., 2012) . This suppression of auxin signaling by mitochondrial ROS positions mitochondria as an important hub in the cellular signaling cascade that can block auxin signaling and thus, play a central role in determining if cellular resources are used for growth (signaled by auxin) or stress resistance (signaled by ROS). Other studies have shown an interaction between mitochondrial dysfunction and auxin signaling (Tognetti et al., 2010; Zhang et al., 2014) . Also, blocking auxin action restores, in part, the induction of AOX1a in a rao1/cdke1 mutant background (Fig. 5) , further showing the interaction between mitochondrial and auxin signaling. Although the interaction of mitochondrial retrograde signaling with several other pathways has been documented (Schwarzländer and Finkemeier, 2013) , especially with other plant hormones such as ABA, a direct interaction between auxin and mitochondrial ROS signaling is only beginning to emerge (He et al., 2012; Zhang et al., 2014) . A recent comprehensive study of plastid retrograde signaling also implicated auxin responses in a core of 30 genes that are responsive in a variety of different chemical treatments and genetic mutants associated with plastid dysfunction (Glaßer et al., 2014) . Auxin could not repress AOX1a induction in response to SA or MFA treatments in both wild-type and rao3/big backgrounds, suggesting that the induction of AOX1a by these compounds acts either by different pathways or downstream of the action of auxin. Interestingly, the induction of AOX1a in response to ABA treatment was different between the wild type and the auxin-deficient mutant, rao3 (Fig. 6 ). Interactions between auxin and ABA signaling are well documented in the literature, with auxin known to induce ABI3 by ARF10 and ARF16 (Liu et al., 2013) . Because treatment with ABA induces AOX1a , it is likely that ABA induces positive regulators that act downstream of auxin repression of AOX1a. ABI3, ARF3, and ARF4 bind to the AOX1a promoter (O. Van Aken and J. Whelan, unpublished data), which may explain that, in auxin mutants, addition of ABA cannot repress AOX1a because of alteration in the equilibrium between these components or other protein components (see below). Also, the transcript abundances of regulators of AOX1a (RAO1/CDKE1/HEN3, WRKY40, and ANAC013) were still induced on AA treatment in the presence of NAA, which suggests that the inability to induce AOX1a on exogenous auxin treatments is not caused by the transcriptional down-regulation of these components. Moreover, perturbed auxin metabolism uncoupled ANAC017 transcriptional AOX1a activation (Supplemental Fig. S4) , and in the double mutants of anac017 and big as well as anac017 and as1, plants maintained greater viability under continuous drought stress than in the wild type or individual mutants alone (Supplemental Fig. S5 ). This interaction between auxin and ROS signaling during adverse conditions provides a platform to suggest that altering both ROS and auxin signaling pathways under adverse conditions may be beneficial to maintain viability, because ANAC017 has been previously shown to account for almost 90% of the transcriptional response to H 2 O 2 treatment in Arabidopsis (Ng et al., 2013b) . Other studies have also shown that modification of auxin signaling with oxidative stress changes stress tolerance (Park et al., 2007; Kercheva et al., 2013) .
Third, because mitochondria are vitally linked to energy production and various biosynthetic reactions, it is essential that the regulation of mitochondrial activity is coordinated with growth processes to maximize light interception and shoot and root architectural changes on a range of carbon and nutrient starvation conditions (also modulated by auxin). Thus, although the altered auxin homeostasis described here results in the negative regulation of AOX1a, auxin response itself may also be positively regulated by mitochondrial function through TEOSINTE BRANCHED1 CYCLOIDEA (TCP) and proliferating cell nuclear antigen factor transcription factors (Koyama et al., 2010) . TCPs are important redoxsensitive regulators of genes encoding mitochondrial proteins for components of the respiratory chain and are involved in mitochondrial biogenesis (Welchen and Gonzalez, 2005; Gonzalez et al., 2007; Welchen et al., 2009; Giraud et al., 2010) . TCP transcription factors are master regulators of ribosomal proteins, and specifically, TCP21 interacts with TIMING OF CAB EXPRESSION1 to bind to the CIRCADIAN CLOCK ASSOCIATED1 promoter, establishing a link to the core clock components (Martín-Trillo and Cubas, 2010) . Thus, auxin metabolism, on one hand, may be positively regulated by several aspects of constitutive mitochondrial function (through TCP transcription factors), whereas on the other hand, it acts as a negative regulator of stress-related mitochondrial signaling. Auxin also activates the TARGET OF RAPA-MYCIN (TOR) pathway, which acts at a translational level to modulate ARF protein abundance (Schepetilnikov et al., 2013) . Thus, during perturbed mitochondrial stress signaling, ARFs that are translated through auxin/TOR activation can inhibit the translation or (competitive) binding of activating cis-elements to the AOX1a promoter region, or alternatively, the translation of these protein components themselves may be modulated through TOR-dependent translation activity. In support of a functional link between mitochondrial and TOR signaling, AA, and mitochondrial uncouplers 2,4-dinitrophenol and carbonylcyanide m-chlorophenylhydrazone, treatments prevent root growth and root meristem activation by photosynthesis (in contrast to IAA) in a TOR-dependent manner that transcriptionally controls cell cycle activity (Xiong et al., 2013) . Collectively, this result suggests that, although both TOR and mitochondrial signaling pathways are modulated by auxin, a direct cross talk between these pathways may also exist that is independent of auxin metabolism. In mammals, the AMP-activated kinases act to inhibit the action of TOR (Cardaci et al., 2012) . SnRK1 (AKIN10) integrates energy and stress signaling (Baena-González et al., 2007) and plays a role in the induction of AOX1a (Ng at al., 2013a) . The TOR and SnRK1 pathways can also act in an antagonistic manner in plants (BaenaGonzález, 2010; Robaglia et al., 2012; Confraria et al., 2013) , and the mitochondrial function described here provides a molecular framework of how this integration could be achieved during stress adaptations. Because AOX is present in many lower animals (McDonald et al., 2009) , it seems that the regulation of AOX may be tied into the energy and stress signaling pathways in a wide variety of eukaryotes. In Arabidopsis, this integration occurs in the ER, because AOX1a is both positively and negatively regulated by factors that are located within or associated with this subcellular compartment.
Furthermore, the unprecedented importance of cross talk between the major signaling pathways illustrated here provides unique insight into the complexity of the regulatory network driving mitochondrial signaling responses to optimize mitochondrial and overall cellular function.
MATERIALS AND METHODS
Plant Material
Construction of plant lines containing the 2-kb upstream promoter region of the AOX1a region upstream of the translation start site in front of the reporter gene GUS ), generation of Col:LUC lines by fusing the 2-kb AOX1a promoter in front of the firefly LUC and serving as a control line before mutagenesis, and subsequent EMS mutagenesis to generate mutagenized Col:LUC seed pools were previously described (Ng et al., 2013a) . For forward genetic screening, seedlings were grown for 14 d on 13 Gambourg's B5 growth media (PhytoTechnology) supplemented with 3% (w/v) Suc and 0.8% (w/v) agar (pH 5.7) in a 16-h-light/8-h-dark regime at 22°C. Seedlings were sprayed with 50 mM AA and returned to the growth conditions (as above) for 6 h. After 6 h, 2.5 mM luciferin (GoldBio) was applied to plants, and luminescence was measured using a NightOWL bioluminescence imaging system (Berthold Technologies; Ng et al., 2013a Ng et al., , 2013b . Positional cloning and genetic mapping for gene identification used linkage mapping with Insertion/Deletion markers selected from the Cereon Arabidopsis polymorphism collection (Cereon Genomics; https://www. arabidopsis.org/browse/Cereon/). Next generation sequencing and Sanger sequencing confirmations were as previously described (Ng et al., 2013a) .
For additional plant characterization, two independent T-DNA insertion lines for big (SALK_145141 and SALK_045560) were obtained from the European Arabidopsis Stock Centre. T-DNA insertion homozygous lines were confirmed by PCR using the gene-specific primers left primer and right primer and the T-DNA -specific primer left boarder (Supplemental Table S1 ). The location of the T-DNA insert was confirmed by Sanger sequencing. Mutant lines for cdke1 T-DNA insertional line (German plant genomics research program564F11) and rao1-1 and rao2 EMS point mutagenesis have been described previously (Ng et al., 2013a (Ng et al., , 2013b .
The DR5:GUS Arabidopsis (Arabidopsis thaliana) line was a gift from John Bussell as described in Ulmasov et al. (1997) .
Chemical Treatments and Reporter Assays
Twelve-day-old seedlings grown on B5 media (PhytoTechnology) with 3% (w/v) Suc and 0.8% (w/v) agar were transferred to fresh plates containing B5 media or B5 media supplemented with 4.5 mM NAA, 10 nM 2,4-D, 140 mM ACC, 50 mM BFA, or 50 mM NPA for another 3 d. Chemically induced stress treatments were performed by spraying the plants with 50 mM AA, 50 mM myxothiazol, 25 mM MFA, 200 mM ABA, 50 mM SA, and 20 mM H 2 O 2 , incubating for 16 h at 4°C, or treating with UV light for 20 min. In the case of LUC-containing lines, plants were sprayed 6 h poststress application with 2.5 mM luciferin (GoldBio), and luminescence was measured using a NightOWL bioluminescence imaging system (Berthold). In the case of GUS-containing lines, histochemical staining was performed according to the work by Jefferson et al. (1987) . For quantitative measurement of GUS activity, samples were taken in triplicate 6 h after treatments, fresh weight was recorded, tissues were lyzed in 50 mM NaH 2 PO 4 (pH 7.0) with 19 mM EDTA, and fluorimetric GUS assays were performed using the Polarstar Optima (BMG Labtech) with excitation at 355 nm and emission at 460 nm and normalized against each sample's fresh weight (Jefferson et al., 1987) .
QRT-PCR Analyses
Fourteen-day-old seedlings from Col:LUC, rao3, big-1, and big-2 were treated with 50 mM AA as described above and harvested in biological triplicate at 0 h (before treatment) and 3, 6, and 9 h after treatment. RNA isolation, complementary DNA generation, and QRT-PCR were performed as described previously (Giraud et al., 2008) . Primers (Supplemental Table S1 ) and assay details for AOX1a have been described previously (Clifton et al., 2005) .
IAA Measurement
IAA was extracted according to the work by Edlund et al. (1995) , with modifications according to the work by George et al. (2010) . In brief, 500 mL of 0.05 M Na-P buffer (pH 7.0), including 50 pg of [ 13 C 6 ] IAA (Cambridge Isotope Laboratories, Inc.; www.isotope.com), was added in a 10:1 ratio to homogenized leaf tissue and incubated for 1 h in the dark with continuous shaking at 4°C. After extraction, the pH was adjusted to 2.6, the sample was enriched with 35 mg of Amberlite XAD-7 (Serva), and it was further incubated for 1 h in the dark with continuous shaking at 4°C. After centrifugation, the XAD-7 was washed two times with 500 mL of 1% (v/v) acetic acid before elution with 500 mL of dichloromethane for 30 min, and elution was repeated one more time. The combined dichloromethane fractions were reduced under vacuum until dryness. Derivitization of the sample (modified from Schmelz et al., 2003) was achieved by adding 50 mL of 2.0 M trimethylsilyl diazomethane in hexane (Sigma-Aldrich) and 10 mL of methanol and incubating at room temperature for 30 min. Excess trimethylsilyl diazomethane was destroyed by adding 50 mL of 1% (v/v) acetic acid. n-Alkane time standards was added to each sample before reducing the sample to dryness under vacuum. Samples were resuspended in 50 mL of heptane and injected splitless into a GCT Premier benchtop orthogonal acceleration time-of-flight mass spectrometer (Waters). Running conditions were exactly as previously described (Edlund et al., 1995) , and phytohormone identification and quantification were done by means of linear calibration curves from 10 to 100 pg of IAA, with 50 pg of [ 13 C 6 ] IAA as the internal standard.
Mitochondrial Isolations and Immunoblotting
Mitochondria were isolated from 2-week-old plants before and 6 and 18 h after treatment with 50 mM AA, and immunodetections were carried out exactly as described previously ) using antibodies to AOX (Elthon et al., 1989) and TOM40 . To ensure linearity of detection, three dilutions of mitochondria were loaded. The intensity of cross-reacting bands was quantitated with Quantity One software (Bio-Rad). The pixel densities were expressed relative to Col:LUC, where the highest values were adjusted to 100 (i.e. mitochondria isolated from Col:LUC treated with AA). Three biological replicates were performed, and the average was determined. The intensity of the crossreacting bands probed with the antibody to AOX was adjusted to the intensity of TOM40 that was used as a loading control.
Microarrays and Statistical Analyses
For Figure 3A , microarray data from four independent experiments (Ng et al. 2013a (Ng et al. , 2013b A. Ivanova and J. Whelan, unpublished data; this study) were analyzed to gain a robust overview of auxin-related gene expression changes in response to 3 h of AA treatment. All microarrays were first Affymetrix Microarray Suite Version 5 normalized to determine presence and absence calls, and genes expressed below background were excluded. Data were then GC-Robust Multiarray Averaging normalized, and Cyber-T was used for differential gene expression analysis (with false discovery rate correction; adjusted P , 0.05, PPDE . 0.95). Fold change responses relative to mock/untreated samples (columns, genes; rows, treatments) are shown in Figure 3A , with raw values in Supplemental Table S2 .
Analyses of the global changes in transcript abundance in response to AA and NAA treatments were carried out using Affymetrix ATH1 Arabidopsis genome expression arrays. Analyses were carried out using 400 ng of total RNA isolated in biological triplicate from Col:LUC seedlings grown on B5 media for 10 d and transferred to fresh plates containing either B5 media or B5 media supplemented with 4.5 mM NAA for an additional 3 d. Seedlings were treated with 50 mM AA for 3 h. Amplified RNA was prepared using the Affymetrix 39 IVT Express Kit (www.affymetrix.com). GeneChip sample preparation was carried out according to the manufacturer's instructions. At various stages during the sample preparation, an Agilent Bioanalyzer was used to monitor the integrity of the starting RNA, the uniform generation of antisenseRNA, and the effective fragmentation of the antisenseRNA before hybridization to the microarray. Standard Affymetrix Microarray Suite Version 5 normalization was carried to determine present, absent, and marginal calls for each probe set. All probe sets that encoded hybridization controls and bacterial genes were excluded, leaving an expression set consisting of 15,568 probe sets. Probe sets that were called present in two or more replicates were considered to be expressed and included for additional analyses. GCRMA normalization was carried out for all 12 microarrays, and differential expression analysis was carried out on the resulting normalized intensities using the Cyber-T method (Baldi and Long, 2001; Kayala and Baldi, 2012) . The PPDE method within Cyber-T was used for false discovery rate calculation with adjusted P , 0.05, and PPDE $ 0.95 considered significant. Assignment to subcategories of GO was carried out using The Arabidopsis Information Resource, and statistical significance of overrepresentations or underrepresentations was validated using z-score analysis.
Drought Treatment
Col:LUC control plants and anac017, rao3/big, rao6/as1, anac0173big, and anac0173as1 mutants were grown at 22°C for 16 h at 100 mE m 22 s 21 light conditions and 8 h of darkness. Drought was initiated on 28-d-old wellwatered plants by withholding watering. Progressive drought responsiveness was monitored for an additional 5 d when samples for AOX1a transcript measurements were collected. As a control treatment, samples were collected from 33-d-old well-watered plants. Samples consisted of rosette leaves taken in triplicate from 10 individual plants per genotype for both watered and unwatered plants. Severe water deficit was monitored after 11 d of withholding water.
ROS Measurements
Fourteen-day-old seedlings were stained for H 2 O 2 in 3,39-diaminobenzidine (Sigma) solution for 4 h as described by Thordal-Christensen et al. (1997) and O 2 c2 in nitroblue tetrazolium (Sigma) for 3 h as described by Förster et al. (2005) . Arabidopsis Genome Initiative locus identifiers for the genes investigated in this study are AT3G02260 (ASA1/BIG), AT3G22370 (AOX1a), AT1G73590 (PIN1), AT3G28860 (ABCB19), and AT2G37630 (AS1). Microarray data from this article can be found in GEO (http://www.ncbi.nlm.nih.gov/geo) under the accession number GSE57140.
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